Arp2/3 complex plays a key role in regulated actin polymerization. A recent study has revealed marked differences in the ability of two nucleation-promoting factors -N-WASP and Scar/WAVE1 -to activate the Arp2/3 complex. Further insights have come from determination of the Arp2/3 crystal structure.
So many filaments, so little time… Eukaryotic cells are able to produce micron-thick lamellae which are densely packed with actin filaments in just seconds. Until four years ago, the rapidity of this process could not be adequately explained. The identification of Arp2/3 complex as a highly abundant actin filament nucleation factor has provided a potential mechanism for the generation of actin filaments at a cell's leading edge, but many details about the regulation of the complex remain unclear. The paper by Zalevsky et al. [1] , published in this issue of Current Biology, makes a significant contribution to the field by carefully comparing the potencies of several distinct Arp2/3 complex activators.
Arp2/3 complex consists of seven proteins, two of whichArp2 and Arp3 -are highly homologous to actin (Figure 1a) . Early molecular modeling studies led to the prediction that the complex might promote nucleation by using a stable dimer of Arp2 and Arp3 to mimic the unstable actin-actin dimer, providing a substrate for rapid elongation [2] . Subsequent studies showed that the Arp2/3 complex does indeed enhance actin nucleation weakly, but that it can be activated by binding a nucleationpromoting factor (reviewed in [3] ). Nucleation-promoting factors have now been identified from most eukaryotes studied (with the notable exception of plants), and from the enteropathogenic bacterium Listeria monocytogenes (reviewed in [3] ). Zalevsky et al. [1] compared the activities of various members of one particular nucleationpromoting factor family, the WASp/Scar proteins, and found hitherto undetected differences in their abilities to activate the Arp2/3 complex.
There are five known mammalian members of the WASp/Scar family: WASp, N-WASP and Scar/WAVE proteins 1, 2 and 3 (reviewed in [3] ). The family splits into two subfamilies on the basis of amino-acid sequence, with WASp and N-WASP in one subfamily and the Scar/WAVE proteins in the other. All members of the family have homologous carboxyl termini -the so-called WCA region (Figure 1a ). This region is sufficient to activate Arp2/3 complex, and consists of a 16-19 residue WH2 region (W), a variable length connecting sequence (C) and a 13-18 residue acidic carboxyl terminus (A). In a general model for nucleation activation, the WCA region is suggested to bind both Arp2/3 complex and an actin monomer, causing formation of a trimer between Arp2, Arp3 and the monomer that serves as a nucleus for filament growth. Initial studies suggested that the W region binds an actin monomer and the A region binds the Arp2/3 complex [4] , but more recent work suggests that the C region contributes to binding both ligands [5] . The C region also appears to mediate an activation step subsequent to actin and Arp2/3 complex binding [5] .
Actin filaments serve as additional activators of the Arp2/3 complex in the presence of nucleation-promoting factors. When an Arp2/3 complex binds to the side of an actin filament, its affinity for binding to a WCA region increases five-fold [5] . Activation of Arp2/3 complex on the side of an actin filament results in formation of a Y-shaped branch (Figure 1b) , with the newly nucleated 'daughter filament' projecting at a 70° angle from the 'mother filament' [6, 7] . Y-shaped branches with Arp2/3 complexes at their junction are found in the actin meshworks of leading edge lamellipodia in motile cells [8, 9] and behind microbeads coated with ActA, the nucleation-promoting factor from Listeria [10] .
Zalevsky et al. [1] conducted a detailed comparison of the abilities of the WCA regions from human N-WASP, WASp, and Scar1 to activate actin nucleation by Arp2/3 complex in vitro. One problem they faced was finding a rigorous method for determining the activation potencies of these nucleation-promoting factors. Actin polymerization is essentially a biphasic process, involving a lag phase in which stable nuclei form followed by an elongation phase in which actin monomers rapidly add to these nuclei [11] . Activated Arp2/3 complex speeds up the polymerization time course both by decreasing the lag phase -speeding up the rate of stable nucleus formation -and by increasing the rate of the elongation phase -producing more nuclei than actin alone. Until now, no single parameter has been devised that accounts for both the lag phase and the elongation phase. To overcome this problem, Zalevsky et al. [1] developed a kinetic model based on the known steps of nucleation activation: binding of an actin monomer to a WCA region; binding of an Arp2/3 complex to the WCA region; binding of the Arp2/3 complex to an actin mother filament; activation of nucleation; and elongation of the activated nucleus.
Zalevsky et al. [1] showed that this model fit their experimental polymerization data over a range of actin concentrations for the WCA regions from both N-WASP and Scar1. They derived a novel parameter from these fits, k act , in units of µM -2 sec -1 . The k act paramater represents the overall ability of a WCA region to activate nucleation through Arp2/3 complex, taking into account effects on both the lag and elongation phases. This parameter is a much more sensitive gauge of activation potency than previously used methods, weighted either towards the lag or the elongation phases. One word of caution is that the model in its current state is not applicable to those nucleation-promoting factors that do not bind actin monomers -such as fission yeast myosin I, cortactin and the budding yeast actin-binding protein ABP1 -but it could be easily adapted to these activators.
The data reported by Zalevsky et al. [1] reveal that the WCA region of Scar1 is dramatically less potent than those of N-WASP or WASp WCA at Arp2/3 complex activation, with a k act that is 68-fold and 16-fold lower, respectively. The authors then sought to determine the reason for this difference. A three amino acid insert in the A regions of both N-WASP and WASp appears to be significant. Addition of this insert into the A region of Scar1 was found to increase its k act into the range of the other activators. The effect of this insert is not simply to increase the affinity of Scar1 for Arp2/3 complex: in earlier work it was shown that that the three WCA regions bind the Arp2/3 complex with similar affinity [5, 12] . An alternative possibility is that this insert increases the rate of the activation step. Interestingly, differences in the W region were not found to affect nucleation potency. N-WASP has two tandem W regions, instead of just one as in Scar1 and WASp, so it might be capable of binding two actin monomers simultaneously to speed up nucleation. To test the significance of this extra W region, Zalevsky et al. [1] made a series of chimeras in which one W region was removed from N-WASP or an extra W region was added to Scar1. In no case did an extra W region increase nucleation potency. These results contrast with an earlier study suggesting that the extra W region of N-WASP, and not differences in the C or A regions, account for more potent Arp2/3 complex activation by N-WASP than by Scar1 [13] . The reason for these differences is unclear at present, but they highlight the difficulties in analyzing a complex biochemical system involving at least four intermolecular interactions as well as an unknown number of chemical reactions and conformational changes.
Zalevsky et al. [1] found no difference between the N-WASP and Scar1 WCA regions in their abilities to activate branched filament formation through Arp2/3 complex. These results complement an earlier study which showed that the WASp and Scar1 WCA regions activate branching to a similar degree [7] , as well as work showing that ActA activates branched filament formation by Arp2/3 complex [10] . Arp2/3 complex thus appears to nucleate branched filaments regardless of which nucleation-promoting factor activates it.
The mechanism of branch formation is still in dispute. In the side-branching model described above, Arp2/3 complex is suggested to bind to the side of a preformed filament, and both Arp2 and Arp3 participate in nucleation of a new filament. An alternative barbed-end-branching model postulates that one of the Arps is incorporated into the barbed end of an elongating mother filament, and the other Arp participates in nucleation of a new daughter filament [14] . Zalevsky et al. [1] have exposed a weakness in the barbed-end-branching model by showing that it does not fit experimental data.
Recent structural studies also argue strongly against barbed end branching. The structure of a branch formed by Arp2/3 complex and Scar1 WCA has been determined to 28 Å resolution by cryo-electron microscopy [15] . In this structure, there is no evidence for perturbation of the mother filament structure by insertion of an Arp, and contacts with the mother filament appear to be mediated exclusively by non-Arp subunits. In addition, the structure of Arp2/3 complex alone has now been solved to 2.0 Å resolution by X-ray crystallography [16] . From this structure, it appears that extensive and unlikely rearrangements of the subunits would be required to allow one Arp to be inserted into the mother filament while the other Arp initiates the daughter filament.
A related issue concerns the dynamics of Arp2/3 complexinduced branches. While Arp2/3 complex causes branchedfilament formation regardless of the nucleation-promoting factor activating it, other factors could modulate the stability of these branches. Branches are labile in vitro, dissociating on a time scale of minutes [17] . One source of this instability appears to be the age of the newly nucleated branch, which influences the state of the adenine nucleotide bound to each actin monomer. When an actin monomer is added to a filament -and this occurs at a rate of 100-1000 per second at physiological actin concentrations -its bound ATP undergoes hydrolysis, at a rate of 0.3 per second, to form ADP and inorganic phosphate (Pi). Both products remain bound to actin, and Pi is then slowly released from the filament -at a rate of 0.0022 per second -while the ADP remains tightly bound [11] . The actin-filamentbinding molecule phalloidin greatly retards Pi release from filaments, while the major cellular actin-depolymerizing protein cofilin accelerates Pi release. A recent study has shown that phalloidin stabilizes Arp2/3-mediated branches, while cofilin accelerates their dissociation [17] . These effects might be due to a 20-fold decrease in affinity of Arp2/3 complex for the end of the daughter filament after Pi release.
Other factors might increase or decrease branch stability. Two factors, cortactin and ABP1, stabilize branches, possibly by binding both to the daughter filament and to Arp2/3 complex [18, 19] . Conversely, vasodilator-stimulated phosphoprotein (VASP) and its homologues might decrease branch stability and participate in the formation of parallel actin bundles [20] . Thus, three classes of factors might influence branches after their formation (Figure 2 ): debranching factors like cofilin that lead to filament depolymerization; debranching factors like VASP that lead to the formation of parallel bundles; and factors like cortactin and ABP1 that stabilize branches in more stable lamellar meshworks. The coordinated regulation of these factors may serve to control the fate of branched filament networks subsequent to the nucleation event. 
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